Selective laser melting of high-performance pure tungsten: parameter design, densification behavior and mechanical properties by Tan, Chaolin et al.
 
 
University of Birmingham
Selective laser melting of high-performance pure
tungsten: parameter design, densification behavior
and mechanical properties
Tan, Chaolin; Zhou, Kesong; Ma, Wenyou; Attard, Bonnie; Zhang, Panpan; Kuang, Tongchun
DOI:
10.1080/14686996.2018.1455154
License:
Creative Commons: Attribution (CC BY)
Document Version
Publisher's PDF, also known as Version of record
Citation for published version (Harvard):
Tan, C, Zhou, K, Ma, W, Attard, B, Zhang, P & Kuang, T 2018, 'Selective laser melting of high-performance pure
tungsten: parameter design, densification behavior and mechanical properties', Science and Technology of
Advanced Materials, vol. 19, no. 1, pp. 370-380. https://doi.org/10.1080/14686996.2018.1455154
Link to publication on Research at Birmingham portal
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tsta20
Science and Technology of Advanced Materials
ISSN: 1468-6996 (Print) 1878-5514 (Online) Journal homepage: http://www.tandfonline.com/loi/tsta20
Selective laser melting of high-performance
pure tungsten: parameter design, densification
behavior and mechanical properties
Chaolin Tan, Kesong Zhou, Wenyou Ma, Bonnie Attard, Panpan Zhang &
Tongchun Kuang
To cite this article: Chaolin Tan, Kesong Zhou, Wenyou Ma, Bonnie Attard, Panpan Zhang &
Tongchun Kuang (2018) Selective laser melting of high-performance pure tungsten: parameter
design, densification behavior and mechanical properties, Science and Technology of Advanced
Materials, 19:1, 370-380, DOI: 10.1080/14686996.2018.1455154
To link to this article:  https://doi.org/10.1080/14686996.2018.1455154
© 2018 The Author(s). Published by National
Institute for Materials Science in partnership
with Taylor & Francis
Accepted author version posted online: 20
Mar 2018.
Published online: 18 Apr 2018.
Submit your article to this journal 
Article views: 470
View related articles 
View Crossmark data
Science and Technology of advanced MaTerialS, 2018
vol. 19, no. 1, 370–380
https://doi.org/10.1080/14686996.2018.1455154
KEYWORDS
additive manufacturing; 
selective laser melting; 
tungsten; refractory 
metal; parameter design; 
densification; linear energy; 
laser parameter; molten 
pool; property
ARTICLE HISTORY
received 4 december 2017 
revised 17 March 2018 
accepted 18 March 2018
© 2018 The author(s). Published by national institute for Materials Science in partnership with Taylor & francis.
This is an open access article distributed under the terms of the creative commons attribution license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited.
CONTACT Kesong Zhou  kszhou2004@163.com; chaolin Tan  tclscut@163.com
CLASSIFICATION
10 engineering and 
Structural materials; 
303 Mechanical / 
Physical processing; 210 
Thermoelectronics / Thermal 
transport / insulators; 106 
Metallic materials; 305 
Plasma / laser processing
Selective laser melting of high-performance pure tungsten: parameter design, 
densification behavior and mechanical properties
Chaolin Tana,b,c  , Kesong Zhoua,b, Wenyou Mab, Bonnie Attardc, Panpan Zhangb and Tongchun Kuanga
aSchool of Materials Science and engineering, South china University of Technology, guangzhou, china; 
bnational engineering laboratory for Modern Materials Surface engineering Technology, guangdong institute of new Materials, 
guangzhou, china; 
cSchool of Metallurgy & Materials, University of Birmingham, Birmingham, UK
ABSTRACT
Selective laser melting (SLM) additive manufacturing of pure tungsten encounters nearly 
all intractable difficulties of SLM metals fields due to its intrinsic properties. The key factors, 
including powder characteristics, layer thickness, and laser parameters of SLM high density 
tungsten are elucidated and discussed in detail. The main parameters were designed from 
theoretical calculations prior to the SLM process and experimentally optimized. Pure tungsten 
products with a density of 19.01 g/cm3 (98.50% theoretical density) were produced using SLM 
with the optimized processing parameters. A high density microstructure is formed without 
significant balling or macrocracks. The formation mechanisms for pores and the densification 
behaviors are systematically elucidated. Electron backscattered diffraction analysis confirms 
that the columnar grains stretch across several layers and parallel to the maximum temperature 
gradient, which can ensure good bonding between the layers. The mechanical properties of 
the SLM-produced tungsten are comparable to that produced by the conventional fabrication 
methods, with hardness values exceeding 460 HV0.05 and an ultimate compressive strength 
of about 1 GPa. This finding offers new potential applications of refractory metals in additive 
manufacturing.
1. Introduction
Tungsten (W), as the highest melting point refractory 
metal, has many unique physical and chemical proper-
ties, including high density, high thermal conductivity, 
high recrystallization temperature, low thermal expan-
sion, and high strength and hardness at room and ele-
vated temperatures. Tungsten and its alloys have been 
applied in numerous fields, including as lighting engi-
neering, electronics, manufacturing, aerospace, military, 
medical field, and especially nuclear field [1–4]. For 
example, tungsten is of interest to the nuclear industry as 
a promising candidate for plasma-facing materials (PFM) 
in future nuclear fusion devices such as the International 
Thermonuclear Experimental Reactor (ITER) and 
high-performance rocket nozzles, as intensive transient 
heat loads must be withstood alongside the requirements 
of limited tritium retention, and handling enormous par-
ticle ﬂux of hydrogen, helium and neutrons [1,5,6].
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However, due to its relatively high ductile-brittle tran-
sition temperature, tungsten products are convention-
ally manufactured through powder metallurgy (PM), 
spark plasma sintering (SPS), chemical vapor deposi-
tion (CVD), hot isostatic pressing (HIP), and thermo-
plastic routes [7,8]. Nevertheless, these methods have 
limitations in producing parts with complex internal 
and external structures. Therefore, a new approach of 
producing tungsten components is necessary.
Additive manufacturing using Selective laser melting 
(SLM) is capable of producing 3D parts in an incremen-
tal layer-by-layer manner using the laser to melt, sinter, 
and bond powder particles together in a thin layer on a 
powder bed [9,10]. Due to many irreplaceable superior-
ities such as high resolution and dimensional tolerance, 
high material and resource efficiency, good part design 
and production flexibility, desirable mechanical perfor-
mance of SLM technology [11–13], it has been gradually 
applied in customized medical and dental application 
fields, tooling inserts with conformal cooling channels 
and functional components with high geometrical com-
plexity such as porous and lattice constructs [14–16].
Materials well suited to SLM have good laser absorp-
tion and balanced properties of melting point, thermal 
conductivity, surface tension and viscosity [5]. SLM of 
pure tungsten encounters nearly all intractable difficul-
ties of metal SLM manufacture. The high melting point 
(3695 K) of the element results in high cohesive energy, 
while its high surface tension (2.361 N·m−1) promotes 
the formation of balling phenomenon and its high 
thermal conductivity (173  W·m−1  k−1) leads to rapid 
solidification and cooling. The high viscosity (about 
8  ×  10−3  Pa·s), which derives from the high intrinsic 
cohesive energy, significantly reduces the flowability of 
the molten pool [5]. The oxidation sensitivity may lower 
wettability and lead to the formation of cracks when 
even the small amounts of oxygen are absorbed by the 
molten pools.
Due to the aforementioned difficulties, quite a few 
works concerning additive manufacturing tungsten were 
reported, and the high-density components have still not 
yet been obtained [5,17]. Deprez et al. [17] produced a 
complex collimator from pure tungsten powder using 
SLM, achieving a density of 17.31 g/cm3 (89.92 of the-
oretical density). Zhou et al. [5] investigated the balling 
phenomena in selective laser melted tungsten, obtaining 
a specimen density of 16  g/cm3 (82.9% of theoretical 
density). Both of them were unable to produce high 
density tungsten parts and characterize the mechanical 
performance. In our work, high density pure tungsten 
parts were produced by SLM through optimization of 
the processing parameters. The densification, micro-
structure, and mechanical performances were charac-
terized in detail. The results demonstrate that even the 
highest melting point metals can be produced via addi-
tive manufacturing, expanding the potential applications 
of this technique.
2. Experimental details
2.1. Materials and SLM process
The raw material used in this study was high purity, plasma 
spheroidized tungsten powder (purity 99.9%) supplied 
by Tekna Advanced Materials Inc. (Quebec, Canada). 
The size distribution of the powder was measured by a 
HORIBA Partica LA960 laser scattering particle size ana-
lyzer (Tokyo, Japan), and the trace elements (carbon, oxy-
gen, and nitrogen) were estimated by an Elementar Vario 
EL CUBE elemental analyzer (Langenselbold, Germany).
The experiments were carried out in an EOS M290 
SLM system (EOS GmbH, Krailling, Germany). The 
laser parameters were orthogonally designed in which 
the laser power (P) and scanning speed (v) were set in 
the range of 200–370 W and 100–400 mm/s, respectively. 
The linear energy was defined as η = P/v (J/mm). The 
laser scanned in a zigzag pattern with 67° rotation between 
adjacent layers to minimize the residual stress. When 
selecting the required layer thickness, a balance must be 
reached between achieving a fine resolution and allowing 
for good powder flowability. This usually occurs in the 
range of 20–100 μm [18]. A layer thickness of 20 μm was 
selected as it allows for the complete melting of the pow-
der and enables good bonding between the layers, since 
an increase in thickness would cut down the amount of 
energy reaching the underlying layer, and reduce the ther-
mal penetration depth for the re-melting of the underlying 
layers. Incomplete melting or poor bonding could result in 
regions of greater inhomogeneity with a higher prevalence 
of cracks and incomplete fusion in the material [19]. A 
larger layer thickness could also lead to insufficient volu-
metric laser energy density, which promotes balling due 
to a lack of wetting of the molten pool with the previously 
deposited layer [20]. Tungsten powder has an extremely 
high melting point and is prone to balling during SLM, 
thus selecting the correct layer thickness is crucial. Prior to 
SLM processing, the building platform was pre-heated to 
50 °C (323 K). The oxygen content in the process chamber 
was kept below 0.1 vol. % through a continuous flow of 
argon, as balling can be significantly reduced by improved 
oxygen control in the process chamber [18,20].
2.2. Characterization
The roughness, Sa, of the fresh surfaces for the as-fabri-
cated specimens was evaluated by a BMT SMS Expert 
3D model optical profilometer (Breitmeier Messtechnik 
GmbH, Ettlingen, Germany) with a measuring area of 
2 mm × 2 mm, the average values and standard devia-
tions were estimated from 5 measurements. The density 
of the as-fabricated tungsten specimens was determined 
by both image analysis method using a Leica DMI5000M 
(Wetzlar, Germany) optical microscopy (OM) and the 
Archimedes method. The image analysis method eval-
uates the porosity within a specimen by calculating the 
percentage area of porosity on the polished surfaces, while 
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the Archimedes method calculates the specimen’s density 
according to ASTM B962-08. The microstructural and 
surface morphology observations were performed using 
the OM and a Zeiss Merlin (Jena, Germany) ﬁeld emission 
scanning electron microscope (FE-SEM). Prior to micro-
structural observations specimens were etched in stand-
ard Murakami’s solution (1:1:10 for KOH: K3[Fe(CN)6]: 
H2O). X-ray diffraction (XRD) was conducted using a 
Bruker D8 Advance Diffractometer (Karlsruhe, Germany) 
with a Cu Kα radiation (wavelength, λ = 0.15418 nm), at 
40 kV and 40 mA in a 2θ range of 30–90° using a step size 
of 0.02°. Electron backscattered diffraction (EBSD) was 
carried out on a Hitachi S-3400N SEM system (Tokyo, 
Japan) at 20  kV through an integrated Oxford/HKL 
EBSD detector, using a step size of 300 nm. Specimens 
for EBSD test were mirror polished and then vibratory 
polished for 5 h in order to remove any scratches and 
plastic deformation from the surface layer. The EBSD data 
was analyzed using Channel 5 software (HKL Technology, 
Inc., Connecticut, CA, USA). Micro-hardness of the spec-
imens was measured by a Shimadzu HMV-2T micro 
Vickers tester (Tokyo, Japan) with a load of 50 gf for 10 s. 
All hardness indentations were applied to the polished 
horizontal (parallel to the build plate) surfaces, and an 
average value and corresponding standard deviation were 
estimated from 10 measurements. The compressive tests 
for the as-fabricated tungsten specimens were carried out 
on a SANS CMT 5105 universal material testing machine 
(MTS Systems China Co. Ltd., Shenzhen, China) with a 
strain rate range of 3.5 × 10−3/s–4.5 × 10−3/s. The length 
to diameter (L/D) ratio of the specimens was 3 (as per 
ASTM E9-09), and all the specimens were simultaneously 
polished by a grinding machine to ensure identical surface 
quality.
3. Results and discussion
3.1. Parameters design and analysis
3.1.1. Powders
In addition to laser parameters, powder morphology 
and size distribution also have important effects on 
the SLM process. The morphology of the tungsten is 
of fundamental importance. As such a highly spheri-
cal powder was chosen, to improve the flowability, and 
promote the wetting between the melt pool and pow-
der particles. Zhou et al. [5] produced pure tungsten by 
SLM using powder with an irregular morphology, which 
may have been one of the factors resulting in lower part 
density (16 g/cm3) obtained in their study. Wang et al. 
[21] demonstrated that spherical powder could increase 
laser absorptivity and packing density in comparison to 
polyhedral powders. In addition to this, the size distri-
bution of the powder also plays an important role during 
the SLM process. As depicted in Figure 1, the tungsten 
powder was carefully selected with a relatively small 
mean particle size of 17 ± 5 μm, and a narrow powder 
size distribution, with D50 and D90 values of 16.24 and 
23.67 μm, respectively. The levels of the main impurity 
elements O, C, N in the powders are measured to be 
220, 580, and 470 ppm, respectively. The comparatively 
low oxygen content in the tungsten powder may also 
suppress the balling tendency during SLM.
The temperature of the powder bed is increased as 
it absorbs the laser energy Elaser, as expressed in the fol-
lowing heat balance equation [22]:
where rp, 휌, Cp and ΔT are the particle radius, density, 
specific heat and temperature increase in the powder 
particles, respectively. Obviously, the smaller particles are 
more easily heated due to the lower thermal capacitance. 
Nevertheless, significantly undersized particles agglomer-
ate more easily due to Van der Waals forces, reducing pow-
der flowability and causing poor powder deposition [18].
3.1.2. Laser parameters
Theoretically, an estimate of the energy required to melt 
a volume of material Qp (J/mm3), can be determined 
from the expression [23]:
Elaser =
4
3
휋r3p휌CpΔT
Qp = 휌Cp
(
Tm − To
)
+ 휌Lf
Figure 1. SeM morphology (a) and size distribution (b) of the pure tungsten powder.
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temperatures. The heat loss through evaporation was 
therefore estimated to be 10% [25]. Therefore, the total 
heat loss during the SLM process was assumed to be 
20%. This estimation of heat loss is of a similar level 
with previous work of direct laser deposition H13 tool 
steel, in which about 75–85% of original power reached 
the molten pool surface [27]. Hence, the effective laser 
energy flux Ein(W∕mm
2) used for melting the powders 
is:
Therefore, the volumetric laser energy per unit volume 
Qv (J∕mm
3) of tungsten powders can be expressed as
where Δt is the laser exposure time, v is the laser scan 
speed, Vm is the effective volume of molten pool. As 
shown in Figure 2, we simplified the profile of the molten 
pool as a part of sphere, and the Vm can be estimated as:
where r is the effective radius of laser beam, H is the 
effective laser melting depth and R is the radius of the 
sphere. Normally, the width of the laser melting track 
on the powder is about twice as the radius of laser beam 
rb, so we suppose r = 2rb. Besides, for the purpose of 
introducing laser re-melting of the under layer, we 
designed the effective laser melting depth to be as thick 
as two layer thickness (i.e. H = 40 μm). Since, it ena-
bles a reliable connection between the layers and sup-
presses the balling phenomenon as balling can occur 
when tungsten molten pools solidify too quickly to 
spread out completely. Furthermore, choosing a suit-
able laser re-melting depth would also reduce the ten-
dency of cracking, since re-melting can break up the 
Ein = Es − Eloss = Es (1 − 0.2)
Qv =
휋r2dEinΔt
Vm
Δt =
2rb
v
Vm ≅
1
2
×
4
3
휋R3 −
1
3
휋(R −H)(R2 + r2 + Rr)
where ρ is the density (kg m−3) of bulk material, Cp is 
the specific heat (J·kg−1  K−1),  Tm  is the melting point 
(K), T0 is the initial temperature (K), and Lf is the latent 
heat of fusion (KJ·kg−1). The detailed values of these 
physical parameters are listed in Table 1, the energy 
required to melt of pure tungsten powder preheated to 
323 K is calculated to be about 8.595 J/mm3.
Figure 2 illustrates the SLM process and the heat 
transfer in the molten pool. The intensity profile of the 
laser beam is assumed to have a Gaussian distribution. 
The laser energy flux can therefore be expressed as [24]:
where  P is the laser power,  rb is the laser beam spot 
radius, r is the distance from the beam center, and α is 
absorptivity coefficient. The average laser energy flux 
Es(W∕mm
2) can be expressed as:
The energy loss in the molten pool can be divided into 
three parts, including convective heat loss, radiation heat 
loss, and heat loss through evaporation [25]. Usually, the 
heat loss due to convection and radiation is generally 
assumed to be about 10% [24,26]. Previous calculations 
revealed that the latent heat of evaporation is relatively 
large, causing prominent energy loss, especially at high 
E (r) =
2훼P
휋r2b
exp
(
−
2r2
r2b
)
Es =
1
휋r2b
rb
∫
0
2휋rE(r)dr =
2훼P
휋r2b
(1 − e−2)
Table 1. Physical parameters used for theoretical calculation in 
laser parameters design.
Physical parameter Unit Value
density/ρ kg·m−3 19.30 × 103
Specific heat/Cp J (kg·K)
-1 132
Melting point/Tm K 3695
initial temperature/To K 323
latent heat of fusion/Lf J·kg
−1 2.20 × 105
laser absorptivity/α – 0.41
laser beam radius/rb mm 50 × 10
−3
laser melting radius/r mm 100 × 10−3
Melting zone depth/h mm 30 × 10−3
Figure 2. Schematic diagram of the SlM process and the heat transfer in molten pool.
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any macrocracks and balling certifies reasonable laser 
parameters and high sintering quality.
3.3. Surface morphology characterization
Figure 4 shows the untreated fresh surface morphology 
and roughness of SLM fabricated pure tungsten taken 
from horizontal cross-sections. A relatively smooth and 
dense surface with regular liquid fronts is obtained and 
exhibited in Figure 4(a). No balling or individual unme-
lted particles can be observed, showing that all the laser 
tracks have good metallurgical bonding with each other 
excepting some scattered black slags. Microcracks can also 
be observed through the inset high-magnification SEM 
image in Figure 4(a). Normally, cracks in SLM processed 
parts are caused by thermal residual stresses, which arise 
from two mechanisms, i.e. thermal gradient mechanism 
(TGM) and the cool-down phase of molten top layers 
[29]. Additionally, high brittleness and insufficient plas-
ticity of pure tungsten also contribute to the formation 
of cracks. High-magnification SEM observation on the 
liquid fronts is provided in Figure 4(b), massive nanosized 
columnar crystals are perpendicular to the fronts moving 
directions, suggesting an extremely high cooling rate of 
molten pools. In fact, the ultra-high cooling rate of laser 
processing could reach the order of 1010 K/s [30], and the 
relative high thermal conductivity (173 W·m−1 K−1) also 
contributes to the high cooling rate and grain refinement.
Surface roughness is another important factor reflect-
ing the sintering formability. The representative (η3 = 0.667  
J/mm) 3D topography image of surface is provided in 
Figure 4(c), which also reveals that a relativly smooth 
surface is obtained. Relationships between the average 
surface roughness and the linear energy are depicted in 
Figure 4(d), which was summarized from a number of 3D 
topography analyses. The average Sa of the original surface 
of the specimens is in the range of about 7–9 μm, with the 
highest value of 8.97 μm in the η4 specimen and the lowest 
value of 6.74 μm in the η3 specimen. The relative smooth 
surface implies the high formation qualities.
oxide films and reduce the thermal stress [5,18,20,28]. 
Consequently, Vm and Qv can be rationally calculated. 
When Qv ≥ Qp(Qp = 8.595 J∕mm
3), the laser should 
theoretically completely melt the powders. To meet 
the requirement of Qv ≥ Qp, the condition for linear 
energy 휂 ≥ 0.42 J∕mm needs to be satisfied, therefore, 
we designed the minimal η to be of 0.5 J/mm, in which 
the P, v and Qv are 200 W, 400 mm/s and 10.287 J/mm3, 
respectively. A plenty of laser parameters were orthog-
onally designed with P, v and η setting in the range of 
200–370 W, 100–400 mm/s, and 0.5–3.7, respectively.
3.2. Parameters optimization
Figure 3 shows the optical images of SLM-produced 
pure tungsten parts. Figure 3(a) reveals the relation-
ships between the sintering formability and the laser 
parameters, where the specimens produced with 
η1 = 0.500, η2 = 0.625, η3 = 0.667, η4 = 0.750, η5 = 0.833 
and η6  =  1.000  J/mm (marked in yellow background 
color) present better sintering formability. Thus, the 
parameter window to obtain a good, structurally sound 
component ranges between η values of 0.5–1.0 J/mm, 
with the corresponding P and v covering the range of 
200–300  W and 200–400  mm/s, respectively. Further 
increasing the linear energy leads to burning loss and 
surface corrugation, which destroyed the forming qual-
ity and hindered the powder recoating. Besides, even the 
same linear energy, the different combination between 
P and v presented distinct forming qualities, for exam-
ple, when the linear energy was in the same value of 
η = 1.0 J/mm, the specimens prepared with p = 200 W 
and v  =  200  mm/s show better sintering formability 
than these with p = 300 W and v = 300 mm/s. This is 
because the lower speed allowed more time for pools 
wetting and spreading, which compensated the intrinsic 
low flowability of tungsten. Figure 3(b) shows the opti-
cal images of an SLM-produced thin-wall (0.4 mm in 
thickness) tungsten part and some specimens with the η3 
linear energy. The shining and smooth surface without 
Figure 3. optical images of SlM fabricated pure tungsten parts: (a) blocks fabricated with different linear energies; (b) 0.40 mm thin-
wall tungsten part and specimens produced with η3 = 0.667 J/mm.
Sci. Technol. Adv. Mater. 1 (2018) 375  C. TAN et al.
protective gas rolled in the molten pools. On the one 
hand, this could be explained by the dynamic viscosity 
(ηv) of the molten pool, which is defined as [31]:
where m, k, T, and σ are the atomic mass, Boltzmann 
constant, molten pool temperature and surface tension, 
respectively. The σ of tungsten is in negative linear rela-
tion with T, so increasing T  can lower  σ  and lead to 
a decrease in  ηv as a result. With the linear energy η 
increase from η1 to η3, the T of molten pools increases 
and the dynamic viscosity ηv decreases, which increases 
the flowability of molten pool and improves the density 
in return. On the other hand, the molten pool is signif-
icantly influenced by the dynamics of the Marangoni 
effects. Marangoni flow increases with the laser energy 
input, this increases the gas dragging probability toward 
the molten pool which in turn leads to pores formation 
in the solidified molten pool [32]. Therefore, increasing 
η from η3 to η6 caused the aggrandized porosity.
Second, the micropores may be ascribed to the balling 
phenomenon. During SLM process of pure tungsten, 
the droplet spread time (86.3 μs) is nearly twice as its 
solidification time (46 μs) [5]. The solidification front 
grows too fast, whereas the spreading time is limited. So 
휂v =
16
15
√
m
kT
휎
3.4. Densiﬁcation behavior
Figure 5(a)–(f) show the representative polished OM 
images taken from the horizontal cross sections of spec-
imens produced with η1–η6. A plenty of pores can be 
observed in η1 and η6 specimens, while relativly fewer 
micropores presented in η3 specimen. The relationship 
between η and density measured by both image analysis 
method and Archimedes method is shown in Figure 5(g). 
The relative densities measured by the image analysis 
method are about 98–99%, while the densities measured 
by Archimedes method are 18.86–19.01 g/cm3, which is 
97.72–98.50% density of pure tungsten (19.30 g/cm3). 
The small but systematic difference of density estimated 
from images and Archimedes methods might originate 
from open pores. Despite this minor difference between 
these two methods, both results show the SLM-produced 
specimens achieved a high density of more than 97.5% 
for all specimens. Both curves show that an optimum 
density obtained at η3. Moreover, there is a decline 
tendency of density when the η value decreases from 
η3 to η1 or increases from η3 to η6, as also revealed in 
Figure 5(a)–(f).
There are two main reasons accounting for pores and 
densification behavior. First, turbulent flow of molten 
pools is incited by the high-energy density laser irra-
diation, and the pores are easily formed due to the 
Figure 4.  Surface morphology and roughness taken from horizontal surfaces of SlM fabricated pure tungsten: (a) SeM image 
showing regular laser tracks (η3 = 0.667 J/mm) and microcracks (inset image); (b) corresponding high-magnification SeM image 
showing massive nanocrystals in the liquid fronts; (c) the corresponding 3d topography image of the untreated fresh surface and (d) 
relationships between surface roughness and linear energy summarized from the 3d topography images.
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3.5. Microstructural observation and analysis
Figure 6 shows the microstructural morphologies and 
XRD patterns taken from horizontal cross-sections of 
SLM-produced pure tungsten. The dense microstructure 
along with a few micropores was observed by OM and 
provided in Figure 6(a) and (b). The spherical pores are 
normally caused by gas entrapment in the molten pool, 
as discussed in Section 3.4. Grain boundaries could be 
clearly observed from the inset SEM morphology in 
Figure 6(c), and massive nanosized spot-like subgrains 
present inside the grains in high-magnification SEM 
image. The nanosized subgrains would form in response 
to rapid solidification with extremely high cooling rates 
present in the laser process [34]. Besides, as labeled in 
Figure 6(c), a few thermal cracks near or in the grain 
boundary may be caused by the thermal residual stress. 
Their formation was ascribed to the aforementioned ten-
sile stress. In addition, the intrinsic properties of tung-
sten such as high brittleness, high oxidation sensitivity 
and low wettability also promote the formation of such 
cracks.
Figure 6(d) shows XRD patterns of raw tungsten 
powder and SLM-produced tungsten parts. All the dif-
fraction peaks characterize the standard body- centered-
cubic (bcc) tungsten phase (ICDD #04-0806) in (1 1 0), 
(2 0 0), (2 1 1), and (2 2 0) planes. Besides, the diffrac-
tion patterns of the SLM-produced specimens show 
wider peaks in comparison to those of the precursor 
powder. According to the Debye-Scherrer formula, this 
peak broadening is related to the small size of crystal-
line domains formed during the rapid solidification after 
the melt droplets could be arrested and solidify as glob-
ular islands, which severely hinders the uniform sub-
sequent powder deposition. When the laser melts such 
an uneven powder layer, the movement of molten pool 
front undergoes a significant disturbance and even inter-
ruption. Consequently, it is difficult to completely fill 
the inter ball pores on the surface of the previous layer, 
leading to the interlayer pores and a limited densification 
[33]. Insufficient laser energy may cause the decrease 
in solidification time and enhance balling; moreover, 
the formation of incomplete melted powders in the 
molten pool could decreases the flowability and wetta-
bility, which can also increase the porosity. Therefore, 
the porosity increases with η decreasing from η3 to η1. 
Pores of SLM-produced pure tungsten are inevitable due 
to its intrinsic materials properties. It is worth mention-
ing that, the titanium and steel are easy to be produced 
by SLM, because the solidification time increases sig-
nificantly with the increase of the melting temperature. 
The solidification time can exceed the spreading time 
at the temperature of around 2100 K for both Ti and 
Fe [5], which ensures the complete spreading of the 
melt droplets. So an almost fully dense part of Ti or Fe 
can be easily achieved, while pores of SLM-produced 
pure tungsten are inevitable in contrast. In this work, 
the careful analysis and control of the laser parameters 
allowed achieving densities of up to 19.01 ± 0.02 g/cm3 
(98.50 ± 0.12% of theoretical density), which is much 
higher than the previous reported results of 16 g/cm3 
(82.9%) [5], 17.31 g/cm3 (89.92%) [17], and 18.53 g/cm3 
(96.01%) [21] for SLM-produced tungsten.
Figure 5. optical micrographs showing the pores in the horizontal cross-sections of pure tungsten produced by SlM with different 
linear energies (J/mm): (a) η1 = 0.500, (b) η2 = 0.625, (c) η3 = 0.667, (d) η4 = 0.750, (e) η5 = 0.833, (f ) η6 = 1.000; (g) density graphs 
obtained from archimedes and image analysis methods.
Sci. Technol. Adv. Mater. 1 (2018) 377  C. TAN et al.
in many articles, columnar grains are formed in SLM 
due to the direction of heat transfer; they grow toward 
the molten pool along the Z-direction, since the growth 
velocity is much higher when the crystals growth direc-
tion is aligned with the maximum temperature gradient 
[15,37]. The columnar grain stretching across several 
layers is favorable for layer bonding. Because, the frac-
ture and defects normally present among layers due to 
the layerwise building method, the stretched columnar 
grains could effectively reduce this fabrication orien-
tation-based weakness. Additionally, microcracks are 
prone to form in the SLM process due to the intrinsic 
high brittleness of tungsten and the thermal gradients. 
laser processing; it may also indicate residual stresses 
within the SLM-produced specimens caused by lattice 
distortions [35,36].
As shown in Figure 7, SEM morphology and EBSD 
maps recorded in the middle region along the build-
ing direction (Z direction) were further performed to 
study the microstructure and texture development of as- 
fabricated tungsten. Cracks along the building direction 
can be clearly observed in Figure 7(a). EBSD results 
reveal that the microstructure consists of columnar 
grains (Figure 7(b)), which is slightly different from the 
strip microstructures in the horizontal cross-sections 
provided in Figure 6(a) and (b). As has been reported 
Figure 6. Microstructural observation and phase identification taken from horizontal cross-sections of SlM-produced pure tungsten: 
(a) low-magnification and (b) high-magnification oM macrographs; (c) low-magnification (inset) and high-magnification SeM 
morphologies, and (d) Xrd patterns of powder and SlM-produced specimens.
Figure 7. SeM and eBSd analysis carried along the building direction (Z direction): (a) SeM image showing a crack along building 
direction and (b) inverse pole figure showing the microstructure and grain orientation map of SlM-produced tungsten.
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The reasons are explained below: the residual stresses in 
SLM layerwise-build parts are quite large, but they are 
not always disadvantageous. Because, on the premise of 
a sufficiently high densiﬁcation without massive cracks 
or pores, a reasonable level of residual stress in SLM-
processed parts may cause dislocation strengthening and 
hardness enhancement [7,33,40].
Figure 8(b) shows the compressive stress–strain 
curves of SLM-processed pure tungsten. The measured 
mechanical properties are summarized in Table 1. The 
ultimate compressive strength (UCS) and compressive 
yield stress (CYS) of η3 specimen are 1015 and 882 MPa, 
respectively, which reaches the highest value among all 
specimens. The η4 specimen exhibits the lowest com-
pressive strength with the corresponding UCS and CYS 
of 933 and 791  MPa, respectively. The compressive 
results are highly consistent with the density results 
(Figure 5(g)). The mechanical properties of tungsten 
produced by other conventional fabrication techniques 
are also listed in Table 2 for comparision. All quoted 
results were obtained in as-fabricated condition without 
subsequent treatment and under the same quasi-static 
compression test. As revealed in Table 2, the compressive 
stength (especially the η3) is comparable for SLM and 
conventional fabrication methods, including CVD, HIP, 
PM, and SPS. Our results demonstrate that SLM is a new 
feasible methods for fabrication of pure tungsten parts 
with desirable performance.
When high power-density laser irradiates on relative 
thin powder layer, the high thermal conductivity leads 
to strong heat flux, which is parallel and negative to the 
building direction. This heat flux can cause re-melting 
of underlying layer (as designed in Section 3.1.2), which 
reduces temperature gradient at the layer interface. 
Therefore, the thermal stress and microcracks among 
layers decreased to a great extent. However, it was 
reported that columnar lamellar microstructures along 
Z direction can provide long unrestricted slip paths for 
crack growth [38]. In this case, crack can easily initi-
ate and propagate in Z direction, which was verified by 
the presence of cracks along the building direction in 
Figure 7(a).
3.6. Mechanical performance
Figure 8(a) illustrates the effect of laser linear energy on 
microhardness, which was measured from the cross-sec-
tions of SLM-processed pure tungsten specimens. The 
microhardness of the specimens is about 445–467 HV0.05, 
and no statistically signiﬁcant variation of hardness 
among the different linear energies processed specimens 
was observed. The hardness is maximal for the η5 spec-
imen, and exceeds 460 HV0.05 for both η3 and η5 speci-
mens. The SLM-processed tungsten specimens show a 
superior hardness compared with conventional PM or 
SPS processed tungsten (typically 320–400 HV) [39]. 
Figure 8. (a) The effect of laser linear energy on microhardness of SlM-processed pure tungsten and (b) compressive stress–strain 
curves of SlM fabricated pure tungsten with different laser linear energies.
Table 2. comparison of the mechanical properties of pure tungsten fabricated by SlM and conventional processing methods.
Specimens CYS (MPa) UCS (MPa) Strain (%) Density (g/cm3) Sa (μm) HV
SlM η1 = 0.500 868 978 5.97 97.82% (18.88 ± 0.02) 7.59 445 ± 39
SlM η2 = 0.625 864 984 6.58 98.29% (18.97 ± 0.06) 8.10 448 ± 25
SlM η3 = 0.667 882 1015 6.76 98.50% (19.01 ± 0.02) 6.74 461 ± 18
SlM η4 = 0.750 791 933 8.65 97.98% (18.91 ± 0.05) 8.97 452 ± 31
SlM η5 = 0.833 849 964 6.64 97.93% (18.90 ± 0.03) 7.46 467 ± 29
SlM η6 = 1.000 860 962 6.36 97.72% (18.86 ± 0.04) 7.44 456 ± 41
cvd [41,42] – 780–1480 – ≤99.79% – 419 (4.5 gPa)
hiP [2,43] 1010 1180 – ≤98.00% – –
PM [44,45] 900 1000–1200 – ≤98.20% – 344
SPS [7,39,46] 750 980 – ≤96.30% – 372 (4 gPa)
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